SUMMARY
Bacterial pathogens are important targets for detection and identification in medicine, food safety, public health, and security. Bacterial infection is a common cause of morbidity and mortality worldwide. In spite of the availability of antibiotics, these infections are often misdiagnosed or there is an unacceptable delay in diagnosis. Current methods of bacterial detection rely upon laboratory-based techniques such as cell culture, microscopic analysis, and biochemical assays. These procedures are time-consuming and costly and require specialist equipment and trained users. Portable stand-alone biosensors can facilitate rapid detection and diagnosis at the point of care. Biosensors will be particularly useful where a clear diagnosis informs treatment, in critical illness (e.g., meningitis) or to prevent further disease spread (e.g., in case of food-borne pathogens or sexually transmitted diseases). Detection of bacteria is also becoming increasingly important in antibioterrorism measures (e.g., anthrax detection). In this review, we discuss recent progress in the use of biosensors for the detection of whole bacterial cells for sensitive and earlier identification of bacteria without the need for sample processing. There is a particular focus on electrochemical biosensors, especially impedance-based systems, as these present key advantages in terms of ease of miniaturization, lack of reagents, sensitivity, and low cost.
INTRODUCTION

B
acterial pathogens are important targets for detection and identification in various fields, including medicine, food safety, public health, and security. Infectious diseases are among the leading causes of morbidity and mortality worldwide, causing millions of deaths and hospitalizations each year. The World Health Organization (WHO) identified infectious and parasitic diseases collectively as the second-highest cause of death worldwide in 2004, with lower respiratory tract infections (third), diarrheal diseases (fifth), and tuberculosis (seventh) being among the top 10 leading causes of death in 2011 (http://www.who.int/gho /mortality_burden_disease/causes_death/2000_2011/en/index .htmL). These types of infectious or communicable diseases are most problematic in low-income countries, such as countries in Africa, where medical facilities and methods of diagnosis and treatment are lacking. Food-borne pathogens also pose a serious health risk in higher-income countries, including the United States, where food-borne bacteria cause an estimated 76 million illnesses, 300,000 hospitalizations, and 5,000 deaths each year (1, 2) . Escherichia coli O157:H7, salmonellae, Campylobacter jejuni, and Listeria monocytogenes are the leading causes of bacterial foodand waterborne illnesses. Table 1 summarizes the burden of disease, annual cases, and mortality of the most common bacterial diseases worldwide. Despite the widespread, global availability of antibiotics, the primary cause of mortality or serious illness is delayed or inaccurate diagnosis of the bacterial infection. This underlines the urgent need for more specific and rapid analytical tests that can be employed at the point of care.
Conventional, laboratory-based methods of bacterial detection and identification typically have long processing times, can lack sensitivity and specificity, and require specialized equipment and trained users and are therefore costly and not available in all countries (3) . Typically, specimens (e.g., blood, saliva, urine, or food sample) are sent for microbiological analysis using various techniques, namely, microscopy and cell culture, biochemical assays, immunological tests, or genetic analysis. Microscopy involves staining bacteria and observing their morphology and staining pattern, and it is relatively quick but not specific, whereas culturing bacteria on selective media under particular growth conditions can take up to several days. Furthermore, not all bac-teria can be cultured in the laboratory. Biochemical assays include detection of particular enzymes that are bacterium specific. Immunological tests include enzyme-linked immunosorbent assays (ELISAs) and agglutination assays and are usually employed to detect particular surface epitopes. These processes are all timeconsuming and costly due to the specialist technical staff and equipment required. The advent of molecular techniques such as genetic analysis has enabled more rapid identification of bacterial strains (4) . PCR, an extremely sensitive technique which allows for the identification of bacteria based on their genetic material, does not require a bacterial culture step due to the small sample size required (5) . PCRs need preselected genetic probes to be used to correctly pair with the target bacterial sequence. Wrong pairing may result in false-positive results, and genetically mutated strains might escape the correct probe matching. However, this is still a lengthy and expensive procedure which can take several days. Real-time PCR analysis can be completed faster, within several hours, but still requires specialist equipment and reagents (6) . Critically, all of these techniques take time, require sample preparation and particular reagents and equipment, and are therefore costly. There is, therefore, an urgent demand for more rapid, costeffective, and sensitive tests which can identify whole bacteria in the field or at the point of care, bypassing multistep processing and purification.
Particularly for clinical diagnosis and treatment, rapid identification of bacteria can be critical to the clinical outcome. For example, in the case of bacterial meningitis, there is a clear negative correlation between diagnosis time and patient survival (7) or serious and disabling sequelae such as deafness, blindness, and loss of limbs. The present diagnostic methods of lumbar puncture (which itself is hazardous) alongside neuroimaging and bacterial staining are time-consuming and delay critical administration of antibiotic therapy. A biosensor test that could detect and identify the cause of meningitis within minutes is required urgently.
For other bacterial infections, diagnostic time is less critical to clinical outcome but can be extremely important in decreasing the spread of infection, for instance, in the case of sexually transmitted infections (STIs) such as syphilis, gonorrhea, and chlamydia, which can be asymptomatic. Often, potentially infected people who attend a clinic do not return for results and treatment, particularly in low-income countries where a clinic is usually a long walk from home (8) . In this instance, a point-of-care test that could provide a "while-you-wait" diagnosis would allow for immediate commencement of antibiotic therapy and the prevention of disease spread. In some clinical settings such as accident and emergency departments, screening of antibiotic-resistant "superbugs," namely, methicillin-resistant Staphylococcus aureus (MRSA) and Clostridium difficile, may be obligatory prior to admission. Point-of-care screening would be enormously useful in providing immediate results which allow for barrier nursing and appropriate precautionary measures to be put in place to decrease the risk of infection to others.
In the case of food-borne infections arising from contaminated food or beverages, rapid and correct identification of the contaminated items, followed by their removal from sale, is desirable for the prevention of further illnesses (2) . In the worst reported incident of food poisoning in the United States, consumption of soft cheese contaminated with Listeria monocytogenes resulted in 47 deaths over a period of approximately 6 months until the source was identified (9) . Following bioterrorism attacks in recent years, there is also the increasing need for field-based tests for biological warfare agents (BWAs), such as those causing anthrax (Bacillus anthracis) and plague (Yersinia pestis) (10) . Two types of sensors are required here, one to provide an early-warning system for screening of potentially contaminated items and another to test potentially infected individuals for microorganisms.
BIOSENSORS FOR DETECTION OF BACTERIA
Biosensors offer a rapid and cost-effective method of bacterial detection which can be performed at the point of care without the need for a specialist user (18) . This "lab-on-a-chip" method of patient diagnosis and monitoring provides a more rapid diagnosis which allows for faster and more effective therapeutic intervention, thereby preventing full-blown infection and mortality and also decreasing the spread of disease.
Biosensors essentially comprise a biorecognition element that is coupled to some form of transducer, which converts specific analyte binding to bioreceptors into a measurable or detectable readout. Biosensors can be categorized in different ways, either according to the method of signal transduction (i.e., optical, mechanical, or electrical) or by the type of bioreceptor employed (i.e., catalytic [enzyme] or affinity based [antibody, aptamer, lectin, bacteriophage, etc.]). Generally, affinity-based sensors are preferred over enzymatic biosensors for the detection of microorganisms, due to their enhanced selectivity and specificity and lack of extra reagents required. The biosensor field is expanding rapidly, with amperometric and optical techniques being the most commonly used over the last 30 years, whereas the use of more recent methods such as impedance and fiber optics is now increasing (Fig. 1A) .
Biosensors have been developed for many different analytes, which range in size from individual ions and small molecules to nucleic acids and proteins up to whole viruses and bacteria (18) . In the case of bacterial sensing, two classes of biosensors have been developed: (i) those which require sample processing to achieve bacterial disruption or lysis in order to liberate the target bacterial component and (ii) processing-free systems which target whole bacteria. In the first category, biosensors detect bacterial components such as DNA (19, 20) , RNA (e.g., rRNA) (21, 22) , intracellular proteins such as enzymes (23) , and secreted exotoxins (24) . The major disadvantage of these systems is the requirement for sample processing and extra reagents, which increases the time and cost of these tests. Therefore, biosensors for the direct, reagentless detection of whole bacteria are much more desirable for rapid, cost-effective testing at the point of care. This is particularly useful because the infectious dose of bacteria for many human pathogens is very low; for E. coli O157:H7 this has been reported to be as low as only 10 cells per gram of food or environmental sample (25) .
BIOSENSORS FOR WHOLE BACTERIAL CELL DETECTION
Significant research efforts are now focused upon the detection of whole bacteria (26, 27) (Fig. 1B) . It is observed that in terms of whole bacteria, impedimetric and optical methods are most commonly used. The development of biosensors for whole microorganisms is challenging because it requires detection of analytes that are much larger (micrometer scale) than typical molecular analytes such as proteins (nanometer scale), and bacteria display many surface epitopes that can lead to nonspecific interactions with the sensor surface.
Bacteria are typically between 0.5 and 5 m in size, displaying different morphologies, including spherical cocci, rod-shaped bacilli, and spiral-shaped spirilla or spirochetes, among others. Unlike eukaryotic cells, most bacteria are encapsulated by a cell wall which is present on the outside of the cytoplasmic membrane ( A variety of surface antigens presented on the cell envelopes of whole bacteria, including proteins, glycoproteins, lipopolysaccharides, and peptidoglycan, can act as targets for biorecognition. Certain bioreceptors have been developed to target a specific one of these moieties; for example, lectins, a type of carbohydrate binding protein, can be employed as bioreceptors for specific cell envelope sugars (28, 29) . Bacteriophages, viruses which bind to specific bacterial receptor proteins in order to infect the host cells, have also been employed for bacterial detection (30, 31) . Polyclonal antibodies raised against specific bacterial strains are the most commonly used bioreceptors for whole bacterial cell detection, where the binding targets on the cell envelope are usually unknown. To increase the specificity and sensitivity of the sensor, isolated surface epitopes can be used to produce monoclonal antibodies (32, 33) .
The ideal parameters for whole bacterial sensors are almost identical to the requirements for a general biosensor. Depending on the site of use, for example, stand-alone personal use at home or clinical setup, regular use in a laboratory setup, or remote regular use off site (polluted water or wastewater site), the configuration might vary, but the key properties for commercial biosensors to detect bacteria are constant. They should be inexpensive, small, easy to operate and label free, with little or no sample preparation. Important key features for an ideal bacterial biosensor are presented in Table 2 .
Optical Biosensors
Optical biosensors exploit analyte binding-induced changes in the optical properties of the sensor surface, which are then transduced to a detector. Optical biosensors are often divided into two categories, fluorescence based or label free (34) . Examples of both are presented in Table 3 . The simplest optical biosensors function by measuring a change in fluorescence or, less commonly, in absorbance or luminescence of the biosensor surface upon analyte recognition. These technologies have evolved from traditional sandwich immunoassays, where the biorecognition element comprises immobilized antibodies which allow for specific analyte detection. A secondary reagent, such as a fluorescently labeled antibody, then binds to the captured analyte on the sensor surface. This generates an optical signal, the strength of which is proportional to specific analyte binding. To convert these assays from a laboratory-based 96-well plate format to a smaller, more portable biosensor system, optical fibers have been employed for the detection of whole bacterial cells (35, 36) . Fiber optic biosensors (FOB) typically comprise a source of light which passes through optical fibers containing immobilized bioreceptors to a photon detector. Analyte binding and subsequent addition of an appropriate labeling reagent give rise to a change in signal at the detector. Fluorescencebased biosensors can provide excellent sensitivity; for instance, Mouffouk and colleagues used a fluorescent dye-loaded micelle approach to detect 15 cells/ml of E. coli (37) . However, the major disadvantage of using fluorescence-based optical biosensors is the requirement for sample labeling with fluorescent reagents, which adds time and cost to the procedure. Surface plasmon resonance (SPR) is a label-free method of op- tical sensing which has been employed for the detection of a range of analytes since the first commercially available device was launched by Biacore (GE Healthcare) in 1990 (38) . SPR systems comprise a source of plane-polarized light which then passes through a glass prism, the bottom of which contacts the bioreceptor-functionalized transducer surface, which is typically a thin film of gold. Analyte binding to the transducer surface changes its refractive index, which in turn alters the angle of light exiting the prism (the SPR angle). Various SPR-based biosensors have been developed for the detection of whole bacterial cells using a variety of bioreceptors, including antibodies (39, 40) , bacteriophages (31, 41) , and lectins (29, 42) .
The detection of whole bacteria using SPR generally yields low sensitivity compared to that using other techniques, due to factors including limited penetration of bacteria by the electromagnetic field and the similarity in refractive index between the bacterial cytoplasm and the aqueous medium (43) . Localized surface plasmon resonance (LSPR), a process where noble metal nanoparticles are used to enhance the sensitivity of the system, has been used recently (44) . Recent strategies to improve the sensitivity of SPR-based bacterial sensors include transducer surface modifications (45), using nanorods for multiple detection (46) , sandwichtype assays including nanoparticles for analyte capture to boost the signal (42) , and the use of modified SPR systems, such as long-range SPR, which are better suited to large analytes (39) . For the detection of whole bacteria, LSPR is reported to be less sensitive (47) and sometimes limited by unclear sample when a biological matrix is used (48) . Surface-enhanced Raman scattering (SERS) is another modification where the Raman spectrum is enhanced manyfold and has been used in combination with other techniques to detect bacterial cells even in blood medium (49) However, SPR-based systems in general still remain large, expensive pieces of equipment which have not yet been adapted for point-of-care diagnostics. Coin-size Spreeta SPR chips (Texas Instruments Inc.) have recently permitted the development of a miniaturized SPR-based biosensor, although this still required a microfluidic system and is therefore confined to the laboratory. Furthermore, interference from biological samples means that an SPR-based biosensor that operates successfully in physiological media has yet to be developed.
Mechanical Biosensors
Mechanical biosensors confer several advantages for use at the point of care; they can provide high sensitivity and quick processing times without the need for sample processing or extra reagents (55) . The two main categories of mechanical biosensors are based on quartz crystal microbalance (QCM) or cantilever technology (Table 4) .
QCM sensors are label-free piezoelectric biosensors which detect the resonance frequency change that results from increased mass on the sensor surface due to analyte binding. QCM sensors have been developed for the detection of whole bacterial cells, including Escherichia coli (56, 57) , Salmonella enterica serovar Typhimurium (58), Campylobacter jejuni (59) and Bacillus anthracis (60) . The development of sandwich-type assays which employ nanoparticles for signal amplification has allowed for the detection of very few bacterial cells, down to 10 CFU/ml in some cases (58) .
Microcantilever sensor technology is an emerging label-free technique that offers very high sensitivity, fast response times, and ease of miniaturization for the development of point-of-care sensors (61, 62) . Cantilever sensors typically comprise a bioreceptorfunctionalized microcantilever which oscillates at a particular resonant frequency. The resonant frequency of the cantilever changes due to induced mechanical bending upon an increase in mass on the sensor surface. Microcantilever sensors have been developed for the detection of various whole bacteria, including Escherichia coli O157:H7 (63, 64) , Salmonella Typhimurium (65), Vibrio cholerae (66) , and the biowarfare agent Francisella tularensis (67) . The recently developed piezoelectric-excited millimeter-size cantilevers (PEMC) using antibodies as bioreceptors have been able to detect as few as one E. coli cell in buffer (68) and one hundred Listeria monocytogenes cells in milk (69) . A major disadvantage of cantilever-based systems is that they are often limited by the need to operate in air as opposed to in physiological media, and there is a dearth of reports in which cantilever-based sensors have been tested in relevant matrices such as food or patient samples (70) .
Electrochemical Biosensors
Electrochemical biosensors comprise potentiometric, amperometric, and impedimetric sensing techniques, with amperometric sensors the first type of biosensors to be described, in 1953 (71). Electrochemical biosensors have subsequently become the most developed group with greatest commercial success, largely due to amperometric glucose detection in diabetic monitoring (72) . Their key advantages are low cost, point-of-care testing, and miniaturization capacity (73) . Potentiometric sensors. Potentiometric biosensing uses ionselective electrodes to measure the potential of a solution based on specific interactions with ions in the solution. This method measures the change in potential that occurs upon analyte recognition at the working electrode. Although potentiometry is widely used in the biosensor field, examples of potentiometric biosensors for the detection of whole bacterial cells are few. Compared to other methods such as impedance, potentiometry cannot provide specific and sensitive signals for large analytes such as bacteria. However, some innovative applications of potentiometry can provide reasonable limits of detection (LODs) ( Table 5) , as discussed briefly here.
Potential stripping analysis (PSA) is a chrono-potentiometric method where the stripping time of a deposited compound can be measured at a set stripping potential. Marine pathogenic bacteria (sulfate-reducing bacteria [SRB]) have been detected using this method, where bacterial samples were preincubated with lead and nitric acid to produce sulfide (74) . This sulfide can be detected by PSA, as with increasing concentration of bacterial sample, a longer time is needed for stripping. Although the detection range of PSA is good, the preincubation steps are not suitable for rapid and on-site detection methods.
Staphylococcus aureus, a common skin commensal, has been detected using label-free potentiometric detection (75) . Electromotive force (EMF) was measured in a single-wall carbon nanotube-based aptamer system. The real-time EMF bacterial binding generated a linear signal with increasing concentration, with a detection limit of 8 ϫ 10 2 cells/ml when the aptamer was covalently bound to the nanotubes.
Amperometric sensors. Following the introduction of enzymebased amperometric sensing of glucose 40 years ago (80) , this technique has been applied commonly to a wide range of analytes, including whole bacteria (Table 5 ). Amperometric biosensors are based on direct measurement of the current generated by the oxidation or reduction of species produced in response to analytebioreceptor interaction. The bioreceptor component is commonly an enzyme such as glucose oxidase, which is used in all medical glucose monitors (81) . The current generated is directly proportional to the analyte concentration and therefore is easily determined (72) . Indeed, key advantages of amperometric biosensors are their relative simplicity and ease of miniaturization. They also generally confer excellent sensitivity. Limitations include low specificity depending on the applied potential, which if high may allow other redox-active species to interfere with the signal and lead to inaccuracies in results (82) . This is of particular relevance in biological media, which may contain a wealth of potential in- terferents. Crucially, amperometric biosensors also require the analyte of interest to be a substrate for an enzymatic reaction, which is a fundamental limitation in attempting to broaden the use of this type of biosensor. Therefore, although in the field of biosensing amperometry is the most common detection method, in the case of whole-cell bacterial sensing this is not as widely used.
A novel method of differentiating hemolytic from nonhemolytic bacteria within a mixed population using liposome-trapped electron mediators with amperometric detection was reported (83) . Hemolytic bacteria can disrupt liposomes, thus releasing electron mediators in the medium, which can be detected with the increase in current, whereas control bacteria lack this ability, with no current change in the system. However, this system yielded a low detection limit, ranging from 5 ϫ 10 5 to 2 ϫ 10 7 CFU/ml. The amperometric detection of E. coli in a microfluidic system coupled with immunomagnetic capture has been reported (76) . In brief, the specific antibody-conjugated magnetic particles were suspended on top of a gold electrode surface inside a flow cell by magnetic force. The bacterial sample was pumped into the cell, followed by the addition of a horseradish peroxidase (HRP)-conjugated antibody label which binds in a sandwich fashion. HRP catalyzes H 2 O 2 in the presence of the electron mediator hydroquinone and produces measurable current. The amperometric detection limit of this sensor was 55 cells/ml of E. coli in phosphatebuffered saline (PBS) and 100 cells/ml in milk. The use of hanging bioreceptors leaves the gold electrode surface clean, limiting electrode fouling. However, the use of labeling reagents and a microfluidic system limits its point-of-care use.
Bacteriophages, or phages, are viruses with the ability to infect and lyse specific bacterial strains. Amperometric quantification of coliform E. coli K-12 was achieved by the phage-mediated release of the intracellular bacterial enzyme ␤-D-galactosidase from bacterial cells upon screen-printed carbon electrodes (77) . Phagemediated cell lysis increases specificity while boosting sensitivity through enzyme release to achieve a higher amperometric signal. The sensor was able to detect 1 CFU/100 ml of sample but had the disadvantage of the need for preincubation of bacterial cells with enzyme enhancer and phage.
A complex amperometric sensor was constructed to detect heat-killed E. coli strains spiked into synthetic stool samples (78) . First, a biocompatible nanolayer of fullerene (C60), ferrocene (Fc), and thiolated chitosan (CHI-SH) composite was deposited on top of glassy carbon electrodes, followed by conjugation of Au-SiO 2 -streptavidin-biotinyl primary antibodies. Target bacteria were detected and quantified by sandwich detection using secondary antibodies tagged with Pt nanochains and glucose oxidase. Current change was measured in the presence of glucose. Although the detection limit was low (15 CFU/ml) and the system functioned in synthetic stool samples, multistep sensor construction and the use of several labels make the system complicated.
Indirect amperometric detection of Staphylococcus aureus was achieved using a competitive magnetic immunoassay with a detection limit of 1 CFU/ml (79) . Commercial screen-printed gold electrodes were used to construct the immunosensor. Antibodies against protein A were immobilized on magnetic beads upon the sensor surface. S. aureus, which displays protein A on the cell surface, was captured by the antibodies and was quantitatively detected by adding HRP-protein A as a competitor. However, the system requires labels and the signal enhancer tetrathiafulvaline, again negating its point-of-care usefulness.
Impedimetric sensors. Impedimetric biosensors are a very promising choice for the detection of whole bacteria, being label free, less costly than other systems, highly sensitive, and not affected by the presence of other analytes or colored compounds in the sample matrix. Crucially, impedimetric systems are easy to miniaturize, which facilitates their translation to point-of-care systems.
Since the late 19th century, after Oliver Heaviside coined the term "impedance," electrochemical impedance spectroscopy (EIS) has been employed to characterize different biological systems (18) . Impedimetric biosensors function by analyte-bioreceptor interaction causing a change in capacitance and electron transfer resistance across a working electrode surface (Fig. 3) . As analyte binding increases with higher analyte concentration, the impedance across the electrode surface changes and is detected at a transducer. The impedance may be seen to increase or decrease depending on the analyte (84) . Bioreceptors are commonly antibodies, although they may be other molecules capable of detecting a wide range of analytes from proteins up to whole bacteria and viruses (85, 86) . A main advantage of impedance biosensors is the unrestricted measurement of the molecule of interest, with no requirements for the analyte to be an enzymatic substrate or for formation of electroactive species as in amperometric sensing. Currently there are no impedance biosensors that have had widespread commercial success, although this technology is increasing in use rapidly, with clear evidence of a growing number of publications within this field. Disadvantages of impedance biosensors are cited as variable reproducibility, high limits of detection, and problems with nonspecific binding (84, 85) . However, with continued improvements and the advancement of miniaturization of equipment, EIS has become an increasingly attractive technique in biosensor applications. In general, impedance (Z) is complex phenomenon which can be correlated directly with analyte binding to a biosensor surface. Usually, Z is recorded over a wide range of frequency with respect to time, where two major components, i.e., resistance (R) and capacitance (C), are measured. Impedance data are often represented as Nyquist plots, where R is termed the "real component of impedance" on the x axis and C is termed the "imaginary component of impedance" on the y axis. A typical Nyquist plot is semicircular, with a 45-degree rise sometimes observed at the low-frequency end (Fig. 3B) .
At high frequency, the major component of impedance derives from the resistance from solution itself (solution resistance [R s ]), whereas at lower frequency, impedance arises from the resistance to the flow of electrons or charge close to the electrode surface (charge transfer resistance [R ct ]). The Nyquist plot can be translated into an equivalent circuit model proposed by Randles (18) , where it is easy to isolate each individual component (Fig. 3A) . Changes in impedance arising from increasing deposition on the sensor surface, upon either layer-by-layer sensor construction or analyte binding, can be plotted quantitatively (Fig. 3C) .
Impedimetric detection of an analyte can be achieved in the presence or absence of an additional electron/redox mediator. In the presence of electron mediators such as Ru(NH 3 ) 6 3ϩ/2ϩ (hexaammineruthenium III/II ions) and Fe(CN 6 ) 3Ϫ/4Ϫ (ferricyanide/ ferrocyanide), the impedance is termed Faradaic impedance. In the absence of mediators, the observed impedance is called nonFaradaic impedance. The use of electron mediators ensures a plentiful supply of redox species to ensure that impedance does not become limited. Although impedance measurement is straightforward, the complexity depends on the choice of electrode material, base layer construction (type of self-assembled monolayer [SAM] or polymers), bioreceptor conjugation chemistry, type and size of analytes, and complexity of the sample matrix. These issues have turned the research focus toward optimizing layer-by-layer sensor construction to achieve the optimum impedance signal with minimum noise.
A plethora of reports detailing the impedimetric detection of whole bacterial cells has emerged in recent years (Fig. 1) . Most of these studies have focused upon detection of the model organism E. coli (26, 87) , although other bacteria have also been detected, including sulfate-reducing bacteria (88), Salmonella Typhimurium (89), Campylobacter jejuni (90) , and Staphylococcus aureus (91) . The reported sensor construction varies widely in the selection of base electrode materials, choice of bioreceptor, linking chemistry, and finally impedance data representation. The most common way of presenting data is the change in R ct upon analyte addition (raw R ct change or percent change); however, plotting real impedance, imaginary impedance, or absolute impedance against bacterial concentration is also employed. Chrono-impedimetric data can also be obtained by taking measurements at a fixed frequency to monitor real-time binding.
A comprehensive list of published impedimetric sensors to detect whole bacteria is presented in Table 6 . Here, several recent case studies are discussed in more detail, based on their advantages and novel features, including choice of electrode material, transducer surface functionalization, choice of conjugation strategies, and readout methods.
The detection of viable cells in mixed populations of live and dead cells of E. coli has been reported (99) . Differentiating live cells from dead cells can be advantageous when the number of viable cells reflects the true pathogenic count. In this study, immunosensors were generated upon polycrystalline silicon interdigitated electrodes. Usually, viable cells are voluminous compared to dead cells. As live cells have a higher cell volume, their interference with the electric field is higher than that of the dead cells, which can be detected by impedance and capacitance measurement. The limit of detection for the sensor was 3 ϫ 10 2 CFU/ml, and a similar signal was achieved in the presence of a large excess of dead cells, although this system has not been validated using biologically relevant samples. The more sensitive, non-Faradaic impedimetric detection of E. coli was achieved using a biotinylated whole antibody as a bioreceptor (96) . Biotinyl antibodies were tethered to the biotin-presenting mixed SAM (mSAM) on a gold surface via a NeutrAvidin linkage. The sensor system gave a low detection limit of 10 CFU/ml for whole cells and was also validated by SPR. Again, however, the system was not validated in biologically relevant samples.
The use of a novel electrode material, reduced graphene oxide paper, in the construction of a nanoparticle-based immunosensor for detection of E. coli has been reported (102) . Antibodies were immobilized upon electrodeposited gold nanoparticles using a biotin-streptavidin link. The sensor yielded a detection limit of 10 2 cells/ml with high selectivity and lower detection limits of 10 4 cells/ml and 10 3 cells/ml in contaminated ground beef and cucumber samples, respectively. This system shows promise for operation in relevant sample matrices.
Bacteriophages have high specificity toward bacteria, which makes them an attractive natural bioreceptor. In a recent study, bacteriophages were chemically tethered to SAM-functionalized gold electrodes to quantify E. coli cells (101) . The sensor displayed a good detection limit of 8 ϫ 10 2 CFU/ml in less than 15 min. The sensor performance was further validated by loop-mediated isothermal amplification (LAMP) of the E. coli tuf gene after cell lysis and quantitation using linear sweep voltammetry.
In a novel approach, antibody-tagged biofunctional magnetic beads were used to facilitate the migration of target bacteria to the sensor surface, (92) . The immunosensor was constructed on silanized, nonporous alumina, which was separated by two compartments with fluid accessibility. Platinum wire working and reference electrodes were placed in two compartments, an unusual approach where the sensor surface was not set as the working electrode area. The antibody-coated magnetic beads with bound bacterial cells were magnetically transported on top of the alumina immunosensor surface to allow for binding. After immunoreaction, the magnetic field was removed, excess beads were washed away, and impedance readings were taken. This impedimetric method achieved a higher binding capability than the nonconcentrating method and a lower detection limit of 10 CFU/ml. Although the system is innovative, its complicated setup makes it difficult to translate into a point-of-care application.
Impedimetric detection of sulfate-reducing bacteria (SRB) was reported using nickel foam as working electrode material (105) . The nickel foam has regular porous grooves; gold nanoparticles were deposited within these pores, followed by 11-mercaptoundecanoic acid (MPA) SAM-tethered antibodies. The sensor had a detection range of 2.1 ϫ 10 1 to 2.1 ϫ 10 7 CFU/ml with good selectivity over other strains. In another approach for SRB detection, a bioimprinting technique was used (104) . In this method, biomolecules or cells can be deposited on a surface and then washed off, leaving their imprint on the surface. Briefly, multilayer reduced graphene sheets and chitosan were electrodeposited upon indium tin oxide (ITO), followed by absorption of SRB and a thin coating layer of nonconducting chitosan around the bacteria. SRB were then washed off the surface to get the bioimprint on biosensor surface. This imprint was able to capture and quantify target SRB in a range of 10 4 to 10 8 CFU/ml using EIS. It was also able to distinguish other control strains based on size and shape differences, but the authors recommended its use with other bioreceptor combinations.
Monoclonal antibodies are highly specific compared to polyclonal antibodies, offering higher sensitivity and selectivity for analyte detection. Salmonella Typhimurium has been detected by EIS using monoclonal antibodies as bioreceptors on a gold-plated disposable circuit board (106) . The monoclonal antibodies were raised against Salmonella Typhimurium cell surface lipopolysaccharide (LPS), and the impedance signal at 10 Hz was able to detect the 10 bacteria in 100 ml of sample.
Although a variety of techniques are being employed to detect whole bacteria, the key challenges being faced are sensitivity, re- producibility, and miniaturization before their successful translation as a commercial product. Impedance-based biosensing shows great promise, being highly sensitive and label free. However, the present research needs to be taken forward with an emphasis on reproducible, inexpensive, and novel electrode material, stable conjugation, and strict optimization of bioreceptor configuration, orientation, and concentration. Miniaturization of impedance systems and robotic layer-by-layer construction will ultimately improve sensor performance with high reproducibility for commercialization.
CONCLUSIONS AND FUTURE PERSPECTIVES
There is a growing need for rapid and sensitive detection of bacteria, in complex samples, at the point of interest. In spite of the impressive research output in recent years, detailing specific and sensitive laboratory-based biosensor systems for the detection of bacteria, the manufacture of commercially available systems for point-of-interest application is seriously lagging behind. This is due to the issues discussed above: (i) difficulty in achieving specificity and sensitivity in complex "real-world" samples such as blood, feces, food, etc.; (ii) difficulties in reducing the size and cost of certain systems, for instance, SPR, QCM, and cantilever-based sensors; and (iii) improving the reliability of the system with novel manufacturing methods. Around 200 companies are now working in the area of biosensors and bioelectronics (109); however, the major driving force behind the commercial market (85%) is still for blood glucose monitoring. In order to bring laboratory-based biosensor systems to market, strong collaboration between academia and industry is required to address the key issues highlighted in Fig. 4 . Selection of inexpensive, reproducible, electrochemically favorable, and chemically stable base material is the initial important step toward commercial electrochemical biosensors. A wide range of base materials either alone or in combination have been explored. However, their individual suitability for particular sensor systems needs to be assessed carefully. As discussed in this paper, recent advances in transducer surface nanoengineering (e.g., increasing surface area using nanoparticles or nanofibers and the use of magnetic nanoparticles in sandwich-type assays) have shown promise in terms of boosting the sensor signal. This is important where detection of just a few bacterial cells is required. Base layers, e.g., polymers or self-assembled monolayers on which bioreceptors are immobilized, can have an influence on the electrochemical signal as well as nonspecific binding. Their thickness, surface charge, and chemical groups can be intelligently tuned for enhanced performance.
Equally, the development of novel bioreceptors, including bacteriophages, non-antibody binding proteins, half-antibodies, and single-chain (camelid) antibodies, offers higher specificity, which is a key advantage for detecting bacteria in complex matrices which contain many potential interferents, including human cells and commensal bacteria as well as many proteins and metabolites. Although antibodies are the most widely used bioreceptors in affinity biosensor research, their production and purification costs and stability during and after immobilization on sensor surface can be challenging. The shelf life of these antibodies on the sensor surface is not significantly long, and binding efficiency tends to decrease over time. To overcome some of these deficiencies, recent advances in engineered antibody mimetics include peptoid nanosheets (110) , where antibody mimetic peptoids are self-assembled to form 3-to 5-nm-thick sheets with surface loops expressing antigen binding sites. They are chemically and biologically stable and can be produced with ease and precise control. Other remarkable engineered antibody alternatives include single-chain variable fragments (ScFv) (111), camelid-derived heavy variablechain (VHH) antibodies (nanobodies) (112, 113) , single-chain antibodies expressed via yeast surface display (114) , DARPins (115) , and other artificial proteins such as adhirons (116) . The advantages of these alternatives are that they are comparatively small, easily customized, and conveniently mass produced in bacterial systems, avoiding traditional antibody production in mammals or birds.
Two other important aspects are regeneration of the sensor surface and multiplexing, where many bacteria can be analyzed simultaneously. Regeneration can be cost-effective, and successful regeneration can be possible with the above-mentioned stable bioreceptors, since they can often withstand harsh regeneration buffers without compromising binding capacity. Parallel multiplexing on a single chip can also reduce detection costs, providing multiple items of information from a single-shot analysis. However, all of these advancements again demand large-scale optimization, which is basically limited by funding. (18) . In terms of electrochemical biosensing, specialist companies such as Uniscan Instruments Ltd. are supplying commercially available software and systems to integrate sensor chips with signal processing and readout.
However, to date, only a few commercially available biosensor systems have been employed for the detection of bacteria (117); these include SPR-based optical biosensors (Biacore), the potentiometric threshold immunoassay system (Molecular Devices Corporation), and the PCR-based universal biosensor, which employs mass spectrometry as a detection method (Ibis, San Diego, CA, USA). The immunoassay-based sensor is the only one of these that has been employed for whole bacterial cell detection (118) , although this and the other sensors require sample processing. The Biacore devices and mass spectrometry-based systems are bulky and costly and require specialist users. Electrochemical methodologies offer lower manufacturing costs and ease of system miniaturization and integration, with impedance spectroscopy becoming increasingly popular due to the lack of reagents and ability to detect any analyte without the need for electroactive species. However, a commercially available impedimetric biosensor is still awaited. Unlike glucose biosensors, where sample and device size has been significantly optimized over years and a tiny blood drop can directly be tested, an impedance biosensor against bacteria might include a single dilution step before testing, depending on the detection sample. This will reduce the noise from the biological sample and produce ample volume to incubate the chip. Chip architecture and device design will also be crucial to have a user-friendly end user device.
In conclusion, the market demand and research trends presented in this review clearly demonstrate the importance of handheld, user-friendly biosensors for whole bacterial cell detection. Electrochemical biosensors, more specifically, impedimetric sensors, can take the leading position in this area. However, the appropriate miniaturization, optimization, and clinical trials need to be done before any product is launched into market. Advancements in nanobiotechnology and biomolecular engineering and developments in particle research are moving this field quickly toward its destination. The widespread use of whole bacterial cell biosensors not only will be a milestone in the biosensor industry but will have a profound impact on food, medical, environmental, and clinical diagnostics.
